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I . INTRODUCTION 
The e l e c t r i c a l  performance of s ing le  c rys ta l  s i l i c o n  i n  photovol ta ics 
w i t h  th i ck  f i l m  s i l v e r  forming the tap me ta l l i za t i on  g r i d  i s  w e l l  documented. 
S i l ver ,  the major component, however, i s  o f ten taken for granted. There are 
several dozen types of s i l v e r  powders comnercially ava i lab le  for use i n  t h i c k  
f i l m  s i l v e r  paste ( ink )  systems. The basic proper t ies of  these powders are 
reasonably wel l  documented. A study was made t o  characterize some of these 
powders i n  actual app l i ca t ions  and co r re la te  t h i s  information w i t h  the v i scos i t y  
and rheological proper t ies of pastes under shear. 
I I .  EXPERIMENTAL 
A. Materials: Seven commercially ava i lab le  s i l v e r  powders, representing 
a cross section o f  p a r t i c l e  s i res  and shapes, were selected f o r  inves t iga t ion  
i n  experimental t h i c k  f i l m  conductor pastes. A glass used i n  comnercial s i l v e r  
paste compositions was a l so  prepared i n  three powder sizes for study i n  
experimental glass pastes. Pastes were prepared by combining these s i l v e r  
and glass powders w i th  an i den t i ca l  organic screening vehic le  and homogenized 
on a standard th ree - ro l l  m i  1 1 .  
adjust  paste rheology were from the same family of compositions. Sol ids content 
was helc constant a t  80% for each of the s i l v e r  and glass pastes. 
Organic vehicles w i t h  varying proper t ies to 
S i l ver  pastes were screen p r in ted  by standard methods, subjected t o  i n f ra red  
dry ing a t  125°C and f i r e d  i n  a b e l t  furnace a t  850°C. 
than normally used i n  actual c e l l  production, selected to dramatize p a r t i c l e  
e f fec ts  on s in tered f i Irns. 
This temperature, higt-,er 
B. P a r t i c l e  Size Analyses: P a r t i c l e  analyses to determine p a r t i c l e  
sizes, d i s t r i b u t i o n  o f  p a r t i c l e s  and volume populations were performed w i t h  a 
Coulter Counter, Hodel TA 11. A 50pm aperture, capable of accurate p a r t i c l e  
measurement from 0.8 t o  20pm, was selected as optimum for the cross sect ion 
o f  sizes investigated. Tap density data were supplied by the manufacturers 
o f  the s i l v e r  powders. 
C .  Scanning Electron Micrographs: Micrographs were prepared a t  2000X 
w i t h  an AMR, Model No. IOOOA Scanning Electron Microscope. For consol idat ing 
comparisons, magnif icat ions were reduced, as shown i n  the f igures. 
D. Viscosity-Rheology Tests: V iscos i ty  measurements were made w i t h  
a We1 Is-Brookf i e l d  Micro Viscometer (cone-plate), Model HBT, w i t h  a 1.565"C cone. 
Test temperature was maintained a t  2 5 t O . Z " C .  Rheological proper t ies were 
computed from v i scos i t y  data taken a t  shear rates from 1.92 t o  19.20 
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reciprocal seconds w i t h  a Hewlett Packard ?lode1 98251 Computer which p l o t t e d  the 
curves w i t h  a H.P. Mudel 7225A Plo t te r .  
1 1 1 .  RESULTS AND DISCUSSION 
P a r t i c l e  size, p a r t i c l e  shape and volume populat ions have a strong in f luence 
on the rheology, and thus the screen p r i p t i n g  cha rac te r i s t i cs  of  s i l v e r  pastes. 
A change in surface area f r o m  a change i q  p a r t i c l e  size, shape or populat ion 
can cause prob lem i n  the hay the paste p r i n t s  and contacts the s i l i c o n  surface. 
Incomplete l i n e  traces o r  p i n  holes can occur from pastes which do not a l low a 
fu l l -even p r i n t .  A paste w i t h  a h igh  v i scos i t y  i s  o f t e n  thought to be the 
problem source; more l i k e l y ,  a steep slope of v i scos i t y  versus shear r a t e  i s  a t  
f a u l t .  That is ,  v i scos i t y  i s  no'- responding to shear forces dur ing screen 
p r in t i ng .  Conversely, a paste w i t h  a low v i scos i t y  may produce poor g r i d  l i n e  
q u a l i t y  ( l i n e  width and de f i n i t i on ) ,  not  because of absolute v iscos i ty ,  but 
because of a f l a t  or shallow slope. 
up, qu ick ly  enough a f t e r  deposit onto the s i l i con .  
This type of paste does not freeze, or set 
A. P a r t i c l e  Considerations: Figures 1 ,  8 and 9 show a v a r i e t y  of s i l v e r  
powders w i t h  d i f f e r e n t  sizes and shapes, inc lud ing f i n e l y  d iv ided sponge (e ) ,  
f l ake  (A, C and E), spherical (F), random shapes (0) and random p a r t i c l e s  w i t h  
some f lake  ( G ) .  
percent versus equivalent spherical dizmeter, a re  shown i n  Figures 2 and 3 for 
some o f  these powders. Volume populations are shown i n  Figures 4 and 5 .  The 
average p a r t i c l e  s ize i s  important, but d i f f e r e n t i a l  volume along w i t h  p a r t i c l e  
shape and agglomeration tendencies (revealed i n  the SEHS) i s  esse t i a l  information 
i n  se lec t ing  the screening vehic le  and making rheological adjustments to the 
paste. 
A comparison of p a r t i c l e  s ize  d i s t r i b u t i o n  curves, weight 
The p a r t i c l e  s ize  and d i f f e r e n t i a l  volume of glass powder, a m i n o r  but very 
important component i n  s i l v e r  me ta l l i za t i on  for app l i ca t i on  on s i ] :  In  c e l l s ,  
can be changed by varying the processing time for p a r t i c l e  reductic . This i s  
i l l u s t r a t e d  i n  Figures 6 and 7. A change i n  glass p a r t i c l e  s i r e  w i l l  influence 
adhesion as wel l  as paste rheology. In te res t ing ly ,  glass par t i c !es  of optimum 
s ize had near ly  an ideal, b e l l  shaped population. 
8. P a r t i c l e  Ef fects  i n  Pastes: S i l v e r  par' i c l e s  were a l so  characterized 
from pastes i n  d r i ed  screen p r i n t s  and s in tered ( f i r e d )  f i l m s  as shown i n  Figure 
8 f o r  one s i l v e r  type. Powder c lusters ,  o r  agglomerates, tended to srp;rate 
during m i l l i n g  o f  the paste, reveal ing t rue r  spherical p a r t i c l e  shapes i n  the 
d r ied  p r i n t s .  The spheres tended t o  r e t a i n  t h e i r  shapes i n  s in tered f i lms .  
Variat ions i n  powder l o t s  for the same type o f  s i i v e r  are not uncommon. Figure 
9 reveals the e f fec ts  of  inadvertent p a r t i c l e  s ize  change f o r  s i l v e r  f lake. 
The acceptable l o t  ( l e f t  side) had smaller and fewer large f lakes than the un- 
acceptable l o t  ( r i g h t  side). This i s  v e r i f i e d  by the volume populations i n  
Figure 4. While paste processing tended t o  f rac tu re  and compact f lakes from the 
acceptable l o t ,  the larger  and probably th icker  f lakes i n  the unacceptable l o t  
retained these charac ter is t i cs  i n  the d r ied  and s in tered f i l m s .  
C. Paste Viscos i ty  and Slope: The v i scos i t y  o f  a l i q u i d  i s  inFluenced by 
a number of extraneous factors, not the least  of which i s  shear force. The 
response o f  a t h i ck  f i l m  paste t o  shear was shown t o  have f a r  greater meaning 
than nominal v iscos i ty .  A nominal v i scos i t y  can be v i r t u a l l y  meaningless i f  the 
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slope, o r  ra te  o f  change i n  v i scos i t y  w i t h  change i n  shear rate, i s  not acceptable. 
This i s  i l l u s t r a t e d  fo r  s i l v e r  pastes made w i th  Lots C, E and F powders (Figares 
10 and 11). 
nearly the same a t  550-600 poi=(!. The v iscos i ty  slopes, however, d i f f e r  f r o m  
-0.450 co -0.770. Only the slope from paste made w i t h  Lot C powders meets a 
brefcrred spec i f i ca t ion  from about -0.550 to -0.650. 
types ic\*estigated, pastes from two lo ts ,  A and C, met slope speci f icat ions.  
A paste w i t h  a slope below t h i s  range tended t o  g ive  poor l i n e  de f i n i t i on ,  lacking 
recovery capab i l i t i es  t o  prevent slumping and moving as i t  was deposited onto the 
suttstra:e during screen p r in t i ng .  A paste w i t h  a slope above t h i s  range tended 
t o  lac the necessary f low cha rac te r i s t i c  t o  give a f u l l ,  even p r i n t .  This con- 
d i t i o n  caused the paste to sk ip  o r  p i n  hole during p r in t i ng .  I t  was theorized 
that  ib t imate contact o f  s i l v e r  p a r t i c l e s  w i t h  thc  textured surface of c r y s t a l l i n e  
s i l i c a i .  could be i nh ib i t ed  during p r i n t i n g  if improper paste f l a w  occurred, Mesh 
marks were a lso  a product of paste w i t h  a steer slope. 
The ~ . s c o s i t y  a t  a shear r a t e  of 9.6 seconds'l for these pastes i s  
O f  the seven s i l v e r  powder 
0. Psste Adjustment: A lower v i scos i t y  a t  a given shear ra te  may be achieved 
by a pa. t e  user by adding thinner. This w i l l  lower the so l ids  percent, reduce 
s i l v e r  .ontent  and can lead t o  e lec t r ' ca l  and soldering d i f f i c u l t i e s .  While a 
lower apparent v i scos i t y  may be achieved w i t h  thinner, a steep slooe w i t h  attendant 
p r ' n t i n g  problems can s t i l l  pers is t .  Laroe thinner addi t ions can lower the 
v iscos i ty  slope but cause p r in ted  l i nes  to sag o r  spread. Figure 12 i l l u s t r a t e s  
the adjustment o f  a paste w i t h  an abnormal-high slope (-0.863) by blending i n  
SO? of a paste which contained the same s i l v e r  powders (T;tpe B) and iden t i ca l  
sol ids; i.e., 80%. This ad juster  paste had a slope c f  -0.548. An "ideal" slope 
(-0.641) was achieved w i t h  the blend of pastes whi ie  maintaining the desired 
inorr.anic so l ids  content. The v iscos i ry  of a l l  three pastes a t  a shear r a t e  
o f  9.6 sec.-l, the shear ra te  used when quoting v i scos i t y  t o  the user, was near ly  
ident ica l  a t  1000 poise. It wa; demonstrated from t h i s  phase o f  the study tha t  
any r i m h e r  of a l t e ra t i ons  t o  the slope could be made t o  achieve optimum p r i n t i n g  
Ferfot-wance. Only the organic vehic le  was changed t o  accommodate the characteris- 
t i c s  $ - f  :he s i l v e r  pa r t i c l es .  
E. Tap Dens;,j: A co r re la t i on  of powder tap Cansity w i t h  the slope of 
v iscos i ty  f o r  s i l v e r  pastes i s  shown i n  Figure 13. As tap density increases 
the slope o f  v i scos i t y  decreases. There was no apparent co r re la t i on  between tap 
density and v iscos i ty  measured a t  a s ing le  shear rate. 
V I .  SUHHARY AND CONCLUSIONS 
Par t i c les  from =I var ie ty  o f  s i l v e r  powders were investigated by scanning 
e lect ron microsco3y arid p a r t i c l e  s ize  analyses. 
curves and volumt population graphs were prepared for these s i l v e r  powders and 
fo r  gla:is powd . s  w i t h  optimum, ex t ra  f i ne  and coarse p a r t i c l e  sites. The v i s -  
cos i ty  a t  a j i ven  shear ra te  and slope o f  v iscos i ty  over a range o f  shear ra tes 
were deter ined f o r  th ick  f i l m  pastes made w i th  these powders. Because o f  
pa r t i c l e  anomalies and var ia t ions,  the need fo r  f l e x i b i l i t y  t o  achieve the best 
p r i n t ;  g q u a l i t i e s  fo r  s i l v e r  pastes was evident. 
qua! - y ,  dr ied  and fir.ij f i l m  density and optimum contact o f  s i l v e r  p a r t i c l e s  
w i -n  s i  I icoii, importdnt for c e l l  e l e c t r i c a l  output, could be achieved by adjust ing 
the slope of v iscos i ty  that f e l l  outside o f  the range, -0.550 t o  -0.650. This was 
accomplished tt,:ough organic vehicle technology that  permitted a change i n  the 
slope o f  v i - c o s i t y ,  up or  down, whi le  maintaining a constant s i l v e r  and t o t a l  
so l ids content. 
P a r t i c l e  s ize d i s t r i b u t i o n  
I t  was establ ished tha t  p r i n t  
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Figure 5. Particle Size of Silver Powders: 
Differential Volume (Cont'd) 
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Figure 6. Particle Size Distribution Curves: 
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Figure 7. Particle Size of Glass Powders: 
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Figure 1 2. Adjustment of Viscosity Slope 
for Abnormal Silver Paste 
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Figure 13. Relationship of Silver Powder Tap 
Density With Paste Viscosity Slope 
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DISCUSSION 
SCHRODER: When I th ink  of a metal semiconductor c o n t a c t ,  I t h i n k  of a 
phys ica l  c o n t a c t ,  even though t h e  e l e c t r i c a l  con tac t  may on ly  be an 
e l e c t r i c a l  or a physical  con tac t .  But t h e  phys ica l  c o n t a c t  I t h i n k  of 
a t  least i s  uniform. Now you showed SEM p i c t u r e s ;  i f  you imagined 
looking a t  t h e  i n t e r f a c e  now of t h a t  p a s t e  and t h e  s i l i c o n ,  what 
f r a c t i o n  do you th ink  of a given area is  phys ica l  c o n t a c t ,  never  mind 
e l e c t r i c a l  con tac t ?  Would you kind of guess a t  t h a t ?  I k n w  you c a n ' t  
loah a t  i t .  
PROVAWE: Well, i t  i s  s t r i c t l y  one where you have t o  t h e o r i z e  a b i t .  You can 
see what is  happening on th? top  and you s o r t  of f l i p - f l o p  it over and 
say is t h i s  happening cn t he  bottom, and you have t o  assume t h a t  yes ,  t o  
some e x t e n t ,  it is. If 3n top you see a l o t  cf i r regular-shaped 
mountains, peaks, and v a l l e y s ,  then you have t o  assume t h a t  t h e  same 
th ing ,  t o  perhaps a l e s s e r  e x t e n t ,  i s  happening on t h e  bottom. The 
degree of phys i ca l  c o n t a c t ,  I wouldn't want t o  hazard a guess ,  I'm no t  
r e a l l y  s u r e ,  but  i n  theory t h e  more compact t h e  p a r t i c l e s  are and t h e  
more t h e s e  p a r t i c l e s  are sepa ra t ed ,  and deagglomerated, t h e  g r e a t e r  t h e  
con tac t  would be. 
GALLAGHER: I f  I may add t o  t h a t :  i n  t h e  s i l v e r  s y s t e m ,  you can e t c h  t h e  
s i l v e r  away and you end up with t h e  g l a s s .  You can look a t  t h a t ,  and we 
have done it on a SFectrolab cort t ract .  
s u r e  o f ,  however, is t h a t  g l a s s  touching t h e  s u r f a c e ,  but  you can end up 
with the  f o o t p r i n t  of t h e  g l a s s .  
One t h i n g  you are  r e a l l y  no t  
QUESTION: What d i d  you see? 
GALLAGHER: Depending upon the  compositioa of t he  s t r u c t u r e ,  and t h e  amount of 
g l a s s  t h a t  is  added t o  i t ,  you can see g r e a t  d i f f e r e n c e s  i n  -- I have 
tvo  gentlemen h e r e  who saw the  same SEM p i c t u r e s  t h a t  I did.  They were 
taken by Ferro, by the  way, and I would guess arer 30% t o  40% of t h e  
a r e a  a t  t he  most was g l a s s ,  t h e  r e s t  metal. 
QUESTION: Was i t  phys ica l ly  contacted? 
GALLAGHER: It was p h y s i c a l l y  contacted.  
QUESTION: And then the  e l e c t r i c a l  maybe even l e s s ?  
GALLAGHER: I have no idea.  We a t  t h a t  p a r t i c u l a r  time formulated some 
s t r u c t u r e s  t h a t  had 5 % ,  10% and 15% of t h e  t o t a l  weight as g l a s s .  
PROVANCE: The g l a s s  plays two r o l e s ,  or a t  l e a s t  two r o l e s .  One, of cour se ,  
is t o  achieve the  adhesion, and the  second tsling, which i s  o f t e n  over- 
looked, i s  t h a t  g l a s s  r e a l l y  i s  an a i d  t o  s i n t e r i n g ,  w i t h i n  a c e r t a i n  
amount: of g l a s s .  I n  o t h e r  words, too much o r  not enough and you can 
have problems. There i s  the  t h i n g  of opt imizing j u s t  t h e  r i g h t  amount 
of g l a s s  and t h e  r i g h t  formulat ion of g l a s s  f o r  t h a t  p a r t i c u l a r  t a sk .  
208 
HOGAN: We have done pretty much the same kind of thing, looking at the series 
resistance associated with glass content, mezal content and other 
things, using the same technique or perhaps :he same technique, which is 
a mercury amalgamation where you can remove that silver. We have 
discovered, not quite that high, more in the range of 20% to 302, areas 
that are not glass-covered between the contacts. That does not mean 
that the silver is even physically, much less electrically, in contact 
with that area. It is really hard to say what the electrical coverage 
is. 
work and found that improvements were entirely associated with the etch, 
so that althodgh there is a dendritic nature to the structure, the 
majority cf the improvement vas due to an etching along the edges of the 
contact -- thereby, we assumed, increasing the silver contact there, the 
electrical contact. It brings up a point I wanted to make: I think a 
very important study has to be made with this interfacial area between 
silicon and the thick-film inks. 
applications, where you are putting it on an aluminum substrate, you are 
not concerned very much about what the electrical properties are between 
the substrate and the metal, but here we are very concerned about those 
kinds of things. The question I had, though, was what percentage of the 
manufacturers do YGU feel are doctaring the inks, you knrw, when you 
were talking about comnunications? Is that a problem for manufacturers 
of the ink products? 
The interesting thing is, we did some HF etching in experimental 
Contrary to many microelectronics 
PROVANCE: Do you mean which ones do and which ones don't? 
HOG"': Yes. 
PROVANCE: I don't know which ones vi11 admit it but I will tell you right now 
that there is no one in business today making thick-film formulations 
that don't have some way of making these materials behave. The lesser 
of the two evils is, don't change the inorganic composition, change the 
organic part, the part that burns out, and make these materials behave, 
particularly that slope. Anyone that is not doing that would have an 
awful problem out in the field because, as I say, these powders are 
smewhat like fingerprints. No two sets are identical. Sou can make 
th=& pretty close, but you are going to have variations from time to 
tine, and I don't think there is any way of determining if they were 
absolutely identical. The same number of particles, the same shape, 
same size, same volume population, you wouldn't know it. In other 
words, there is no way of defining that precisely, whether you have the 
exact same number of particles at a given size. So I would say that 
everyone has his methods of making these materials behave out in the 
field. 
GALLAGHER: How did you designate these powders as A, B, C and D? 
PROVANCE: Those are internal designations that we use. 
GALLAGHER: But what did you use as your criteria for saying this is powder A, 
B or C? Are they all made the same way and they came out -- 
PROVANCE: It was sort of which one came through the door first. That was A 
and B. There was no rhyme or reason, we simply gave the them a letter 
designation for purposes of identifying them. 
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GALLAGHER: But they were supposedly made t h e  same way and they were supposed 
t.o have t h e  same c h a r a c t e r i s t i c s ?  
PROVANCE: Yes, of  a given type. The l e t te r  number des igna ted  r-re d i f f e r e n t  
t ype  - 
GALLACHER: I meant E w a s  supposedly made t h e  same as B, supposedly made t h e  
same as C -- they were a l l  sphe res?  
PROVANCE: Oh, no- A, B, C, D, E, F and G were a l l  d i f f e r e n t  t ypes  of powders 
but w e  showed one example, supposedly t h e  same type of material from t w o  
d i f f e r e n t  lo t s ,  and found t h e t  indeed they  weren ' t  t h e  same- We f i n d  
t h a t  with whatever le t ter  it w a s  or whatever type of s i l v e r ,  t h e  
materials do change from lo t  t o  l o t .  Sanetimes d r a m a t i c a l l y ,  sometimes 
a l i t t l e  b i t  but  always enough to  change, i f  no t  a b s o l u t e  v i s c o s i t y  a t  
one s h e a r  rate, the slope of v i s c o s i t y .  And t h a t  is what we put t h e  
emphasis on i n  t r y i n g  to a d j u s t  t h a t  slope back so t h a t  t h e  materials 
w i l l  handle  t h e  same on a sc reen  p r i n t e r .  
R. VEST: The ques t ion  was asked a l i t t l e  ear l ie r  about how much metal is i n  
Tha t ' s  r e a l l y  no t  a good q u e s t i o n ,  because it depends on t h e  c o n t a c t .  
processixg. I f  you have a p r i n t e d  conductor  such as we are t a l k i n g  
about he re ,  t h e  amount of g l a s s  t h a t  is i n  c o n t a c t  with t h e  s u b s t r a t e  as 
opposed t o  how high a temperature  and how long you f i r e  i t  - i n  
g e n e r a l ,  i f  you f i r e  high enough and long  enough, you w i l l  end up with a 
continlrous g l a s s  f i l m  under t h e  conductor,  so you have no metal c o n t a c t  
with t h e  s u b s t r a t e .  So t h i s  is ano the r  q u e s t i o n  t h a t  you have t o  ask: 
not only how much i s  i n  c o n t a c t ,  but  hou much is  i n  c o n t a c t  when w e  
process  t h i s  p a r t i c u l a r  i nk  a t  t h i s  temperature  f o r  t h i s  t i m e .  
is a reasonable  quest ion.  
Then 
I have one o t h e r  ques t ion .  In  a d d i t i o n  t o  your s l o p e ,  you a l s o  pick 
va lue  a t  9 .6 .  1 d i d n ' t  c a t c h  what t h a t  va lue  w a s ,  and why d i d  you p 
9.6' 
it 
a 
ck  
YROVANCE: That happens t o  be t h e  mid-point of t h e  f i v e  s h e a r  rates t h a t  w 
used, and i t  was simply a ma t t e r  of convenience. That is  what we show 
i n  our l i t e r a t u r e .  Almost a l l  thick-f i lm p a s t e  manufacturers  have a 
v i s c o s i t y  s p e c i f i c a t i o n ,  and it  obviously has  to  be taken a t  one shea r  
rate.  As a m a t t e r  of conuenience, we picked t h e  midpoint of t h e  f i v e  
t h a t  we used, and quote  t h a t  i n  our l i terature .  I a m  t h e  f i rs t  t o  admit 
t h a t  t h a t  number can !-.e very mis l ead inb  i f  you d o n ' t  have t h e  e n t i r e  
p i c t u r e  of what happens when you s h e a r  t h e  m a t e r i a l .  
R. VEST: What is  t h e  range you shoot f o r  a t  9.6? 
PROVANCE: In  the  case of conductor pastes, i t  v a r i e s  per a p p l i c a t i o n  and type  
of metal. I n  the  example I w i l l  u s e ,  i f  you are going t o  go a large 
s c r e e n ,  such a s  i n  t h e  use of making o p t o e l e c t r o n i c  d i s p l a y s ,  gas- 
discharge d i s p l a y s ,  t h e  c u s t m x  works wi th  l a r g e  s h e e t s  of glass. We 
found from experience t h a t  t h e  squeegee m a t e r i a l  t h a t  pushes the  p a s t e  
through the  sc reen  is going t o  be d i f f e r e n t  than i t  is on a smaller 
screen.  In  m i c r o e l e c t r o n i c s ,  most of c u r  p a s t e s  a r e  t a i l o r e d  to a 
r e l s t i v e l y  small  s c reen ,  12-inch-squdre o r  smaller, f o r  small  devices .  
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Rut on a large screen,  we have found t h a t  you need an a b s o l u t e  v i s c o s i t y  
of about 600 po i se  where on a small screen you need more l i k e  900 t o  
1000 poise .  So a t  midpoint i t  v a r i e s  with t h e  a p p l i c a t i o n ,  and q u i t e  
hones t ly ,  t h e  technology i n  solar c e l l s  i s  considered somewhat secret. 
Our c u s t a n e r s  w i l l  sometimes coamnunicate back t o  u s  and sanetimes they 
won't. More o f t e n  than n c t ,  i f  they have a p r i n t i n g  problem and we are 
brought i n  and can see what they are doing, w e  can c o r r e c t  i t  simply by 
a d j u s t i n g  the  organic  v e h i c l e  so it w i l l  p r i n t  r e g a r d l e s s  of what size 
sc reen  they are using or what type o f  squeegee material they are using. 
SOMBEXG: Would you care to  camnent about t h i s  previous p o i n t  I brought up 
about t h e  presence of  o r g a n i c s  in ,  say,  s o l a r - c e l l  f i r i n g .  being aware 
of  t h e  f a c t  t h e t  i t  is cpike-f i red but  i t  does go through a burnout? 
Other  than metal stearates, t h i n g s  l i b %  h a t ,  would you comment about 
t h e  presence or absence of organ ic s  through t h a t  burnout ?base, say  
through 5503 t o  600°c? 
PROVANCE: In t h e  e a r l y  going (ceramics), and i n  t h e  e a r l y  going of  solar ce l l  
man-fdcture (we are t a l k i n g  about maybe fou r  or f i v e  y e a r s  ago) I w a s  a 
nonbel iever  t h a t  you could achieve s i n t e r i n g  and maximization of 
adhesion when you peak f i r e  a t  60 to 120 seconds. 
coming, most of them JPL-sponsored, and I s a i d  no way can you make t h i c k  
f i l m  work, because I have been i n  t h i s  bus iness  f o r  20 y e a r s  and we 
thought we d i d  a marvelous t h i n g  when we came from 980% down t o  
850% and brought t h e  c y c l e  t i m e  down from one hour to  25 minutes. I 
becane a b e l i e v e r  vhen we went out i n t o  t h e  f i e l d  to one of our  
customers and p r i n t e d  stme p a r t s  and set up -- i n  f a c t ,  w e  turned t h e  
furnace OR f o r  them. A st range-looking furnace,  t h i s  IR furnace,  which 
you t u r n  on l i k e  a l i g h t  bulb; i t  is unconventional,  :ompared with t h r  
s t anda rd  type of furnace,  and wi th in  an a f t e rnoon  I w a s  convinced t h a t  
t h e r e  w a s  indeed something t o  t h a t ,  because I recall  I set up t h r e e  or 
four  p r o f i l e s  frcm about 500° t o  ?OO°C with d i f f e r e n t  tines, and one 
of t h e  e a r l y  tests which is s t i l l  used was simply f o r  adhesion, p u t t i n g  
Scotch t ape  down and p u l l i n g  i t  o f f .  
could see t h a t  it w a s  c e r t a i n l y  passing the  Scotch-tape test and i t  
appeared t o  be a r a t h e r  dense f i lm.  
thick-f i lm r e s i s t o r s .  In  f a c t ,  four  weeks ago I w a s  i n  Dallas g iv ing  a 
t a l k  on p r o p e r t i e s  of t h i c k - f i l m  resistors f i r e d  i n  an I R  furnace,  going 
from the  convent ional  25- t o  30-minute cyc le ,  down t o  4, 5 and 6 
minutes,  which is s t i l l  long by s o l a r  cel l  s t anda rds  but  much f a s t e r  
than convent ional  t h i c k  f i l m .  i c a n ' t  d i s a g r e e  with D r .  S t e i n  t h a t  
t h e r e  is obviously something trapped i n  t h e r e ,  but i t  is a n e g l i g i b l e  
amount, we f e e l ,  because r e s i s t o r s ,  e s p e c i a l l y ,  are very s e n s i t i v e  t o  
thick-f i lm processing.  In t h i s  p a r t i c u l a r  series we developed 8 TCR 
( temperature  c o e f f i c i e n t  r e s i s t a n c e )  of 0 t o  40 par t s  per  m i l l i o n ,  and 
anything t h a t  i s  not  r i g h t  w i l l  o f f s e t  and c r e a t e  an imbalance SO t h a t  
you c a n ' t  achieve t h i s .  Obviously, we a r e  t r app ing  something when we  
f i r e  i n  60 seconds o r  120 seconds. I am not  sure t h a t  anyone has  
measured j u s t  how much. A rough measure would simply be t o  t ake  a 
weight with a f i n e  balance t o  f i v e  o r  s i x  places and f i r e  i t  and weigh 
it again.  I am not  sure t h a t  w i l l  c l e a r  up t h e  mystery, because t h a t  
s t i l l  might not  be accu ra t e  enough t o  s a y  j u s t  how much i s  coa t ing  those 
p a r t i c l e s .  I t  i s  p r e t t y  d i f f i c u l t  t o  imagine t h a t  you are indeed 
burning out  an o rgan ic  binder  i n  a matter of a couple  of minutes. When 
I s a w  t h e s e  r e p o r t s  
Before t h e  a f t e rnoon  w a s  over ,  I 
We subsequent ly  went on t o  s tudy 
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you consider the shape of those particles, the little crevices and so 
many places to have binder trapped in there, it is pretty difficult to 
imagine that you are burning it out clean. Just how much remains, I 
don't think we know. That is probably something that should be looked 
into. 
WEAVER: k i n g  a field test engineer and not understanding all of this, I was 
wondering if you used the glass frit, what would happen if you used, say 
carbon fiber in there with them, because it is more conductive? Would 
that be detrimental or beneficial, or it uocldn't make any difference? 
PROVANCE: Well the glass frit is used to help the sintering processes as well 
as adhesion. 
wouldn't get any adhesion benefit from it, or sintering values. 
The fiber might help the electrical properties, but you 
STEIN: There was a questicin raised before, I think it was from the man from 
SERI, about the possible modifications to the inks, and it was 
interpreted as being modifications that the paste manufacturers could 
make. 
have encountered which is done by the custcmers, and it is highly 
secret. 
throwing all sorts of things into the silver pastes on the solar-cell 
user side. These can have rather dramatic effects. 
illustration. In Europe, some of our customers used one of our silvers, 
which fires up in the 8300 to 850OC region, and it is a totally 
different system and they insist they like it a lot better than this 
low-temperature stuff that might peak-fire at 7000 + 20. We know that 
they t h r w  in titanium, in one instance, we knor that some others t h r w  
in tantalm, we know that a number of other things are used. 
back then to the basic question of what happens at the interface? Is it 
a glass contact in part and a silver contact in part? There has to be 
an interaction between the silver and the silicon, there has to be some 
diffusion to get good electrical contact. 
effects due to these additives, and there are very likely ncw compounds 
formed at the interfaces, so it is a rather complex picture and it is 
not an easily answered question. We therefore offer a variety of 
silvers containing, let's call it dopants, or sintering aids. In fact, 
if anybody rants it, I am sure that Thick Film Systems or Electro 
Science Labs will custom-make something with any garbage you want put in 
it, because we don't understand it. 
I would like to suggest also another kind of modification that we 
But basically, in a number of instances we know that people are 
I will give you an 
Cming 
There are probably doping 
HOGAN: That was really the intent of my question, because I know it is very 
easy for a silicon-cell manufacturer to add a little liquid boron dopant 
to the silver ink and think that is going to do something for his 
contact. I was just wondering what kind of problems 
you got into as a manufacturer in trying to straighten out somebody's 
printing problem when Lord only knows what is in your ink after it's 
got ten into the plant? 
It may or may not. 
PROVANCE: That is a big problen and as Sid (Stein) says, we will make 
anything anybody wants. Actually, the manufacturer of the thick film 
formulation is better equipped and better able to do that because the 
fine tuning of the screening characteristics as well as the electrical 
properties can best be done by the person that is making this material. 
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Once the material is out in the field and altered, it may be altered to 
achieve a certain physical benefit in the screen printing, or some 
electrical property, but it could be creating other problems. When a 
customer does alter these materials, it is generally over a period of 
time and he has also learned to live with altering this and he makes it 
work, one way or another. What we are sayinq is, it is very likely that 
the thick-film paste manufacturer would be able to achieve this in a 
shorter period of time and guarantee that it would work time and time 
again. 
AHICK: Do you have any limits, then, to what you would accept in the way of 
initial ink? Because you know you can tailor that by making up 
combinations of different binders and then blending, to cane within 
specifications. 
the original selection? 
Are you saying you don't really have any criteria for 
PROVANCY: Yes. You can live with a certain amount of variation, from time to 
time, but you can't live with a fired surface that is rough and does not 
hold line definition. In all cases, all of these powders either 
experimentally or in production get made into a paste and with full 
quality control. What we try to do is weed out, as I mentioned earlier, 
a disaster where you commit several thousand grams of material, or more, 
to a batch of material only to find that you nave made a mistake. 
might call it an early warning system. Yes, there are limits as to what 
we would use. In fact, if the differences between powders are gross, 
which they were with lot A, shown in the slide, that particular 
unacceptable lot never make it to manufacturing. What we are looking 
for is tailoring the small differences, relatively small differences, 
yet important differences to the slope as well as to the viscosity at a 
standard shear rate. Yes, there are limits. The use of the vehicle 
technology, you might say, is a fine-tuning instrument to make the 
material behave, that misbehaves in the particle state. 
You 
NAZARENKO: Just to expand on what was just said, we are constrained on the 
type of vehicles we can use because the materials are selected so that 
they offer clean burnout. We try to design the materials so there are 
no residual carbons or cther types of impurities left after the burning 
cycle. Functional groups on the vehicle will dictate how efficiently 
these uaterials are going to be burned out. So there are some limits. 
PROVANCE: These binders do burn out rather rapidly and the principle 
deterrent to them burning out clean, as Sid Stein said, was the fact 
that you have to watch that you are not melting the glass or sintering 
the particles to the extent that you captiire and freeze these in. But 
most of these materials have been well researched down throviqh the last 
three, four or five years and the organic vehicles are better than what 
they were eight or 10 or 15 years dgo. They do burn out pretty quickly 
so you can, even in conventional firing, come up rather sharply and burn 
those materials out in a conventional furnace in seven or eight 
minutes. The old profiles, and I am talking 10, 12 or 15 years ago, 
used to come up and level off at 500°c and then come on out just to 
get rid of the binder. It is no longer necessary to do that. 
AMICK: Does anyone do microcombustion anal.ysis now to find out how much 
carbon there is left after binder burnout? 
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STEIN: We do t h a t .  
STEIN: The cormnent I made ear l ier  w a s  n o t  r e l a t e d  t o  the burning ou t  of t he  
v e h i c l e ,  which can be  handled. I t  w a s  r e l a t e d  t o  tlie o rgan ic s  t rapped 
o r  coated on t h e  s u r f a c e  of t h e  s i l v e r  p a r t i c l e s  as Jay (Provance) o r  
anyLody e l se  r e c e i v e s  them. 
p r e c i p i t a t e d  i n  the  presence of a p r o t e c t i v e  c o l l o i d ,  p r e c i p i t a t e d  i n  
the  presence of an organic  a c i d  with a carboxyl  group o r  p r e c i p i t a t e d  i n  
the presence of some o t h e r ,  heaven f o r b i d ,  halogenated o r  su l fona ted  o r  
o t h e r  kind of a c t i v e  chemical group. That is very d i f f i c u l t  t o  g e t  r i d  
of and t h a t  i s  p re sen t  i n  ar extremely minute amount bu t  i r  can a f f e c t  
t he  s i n t e r i n g  r a t e s .  That i s  what I w a s  t a l k i n g  about.  
I f  they are p r e c i p i t a t e d  p a r t i c l e s ,  
PROVANCE: That i s  a very good p o i n t ,  and wh i l e  I d o n ' t  want t o  c i s c u s s  
e x a c t l y  how w e  do t h i s ,  we do make a t e s t  f a r  j u s t  t h a t  s o r t  of t h i n g  t o  
k l e p  our s u p p l i e r s  of powders hones t ,  you might say.  So wf: do have some 
l i m i t s  on what w e  w i l l  accept  i n  t h e  way of c o a t i n g s  t h a t  may or  may not  
be on t hose  p a r t i c l e s  as ve r e c e i v e  t h m  because t h a t  can have dn 
overpowering in f luence  on how t h e s e  m a t e r i a l s  s i n t e r  a s  we l l  as how our  
o rgan ic  v e h i c l e s  a r e  going t o  work. 
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